Turmeric, the rhizome of Curcuma longa, has a long history of use as a spice and also as a traditional medicine in many Asian countries. To reveal unique morphological features of a newly registered Curcuma cultivar, C. longa cv. Okinawa Ougon (Ougon), non-targeted LC-MS and GC-MS analyses were conducted. The analysis revealed its distinctive chemical properties: lower amount of phytic acid and inorganic metals such as Fe, Mn, and Al, as well as higher concentrations of reduced derivatives of curcuminoids, such as dihydrobisdemethoxycurcumin, tetrahydrobisdemethoxycurcumin, dihydrodemethoxycurcumin, and tetrahydrodemethoxycurcumin. In addition, germacrane-type sesquiterpenes were almost absent although -humulene and -caryophyllene, generated by the same biosynthetic route, were present. Presumably the alternation of the metal ion content, serving as a cofactor of sesquiterpene synthase, modulates the resulting variation of the sesquiterpenes. In summary, the cultivar Ougon is considered a promising candidate for functional food additives.
Turmeric, the rhizome of Curcuma longa, is a tropical perennial herb in the family Zingiberaceae. It has been used as a spice, as a dye for textiles, as a major ingredient of curry powder and as a traditional medicine, especially in Asian countries for the treatment of gastrointestinal and respiratory disorders [1, 2] . Turmeric has been reported to possess other therapeutic properties, such as antiinflammatory [3] hepatoprotective [4, 5] , antitumor or anticancer [6] , and antiviral activity [7] . The well-known active constituents are three types of curcuminoids {curcumin (1), demethoxycurcumin (2), bisdemethoxy-curcumin (3)} and essential oils (monoterpenes, sesquiterpenes) [2, [8] [9] [10] [11] .
Recently, natural products have became increasingly popular as additives in functional foods and beverages, and the global consumption of turmeric is increasing rapidly [12] . Consequently various attempts at improving the turmeric crop have been undertaken in order to increase the potential yield and to enhance the concentration of the active ingredients. Traditionally, crop improvement involved controlled crossing (hybridization) between selected plants with desirable properties. Improvement of turmeric is, however, severely hampered by its complete infertility due to triploidy. Therefore, its improvement has to rely on a timeconsuming evaluation and selection of naturally occurring variations. Even in India, despite its long history of turmeric cultivation, only 24 improved varieties have been recognized [3] . In Japan, three new cultivars of turmeric {C. longa cv. Okinawa Ougon (Ougon), C. longa cv. Ryudai Gold (Ryudai Gold), and C. longa cv. Sekiyou (Sekiyou)} have been registered only recently by the Japanese Plant Variety Protection (Ministry of Agriculture, Forestry and Fisheries, Japan). Among them, Ougon is characterized by its bold rhizome, about five times bigger than an ordinary one, and higher yield [13] . The Ougon rhizome is morphologically distinct with a long, sharp corn on the upper side, and the inside part exhibits a deeper yellow color than that of conventional turmeric grown in the same farmland.
The nutritional value of crop plants is ultimately dependent on their metabolic composition. Mass spectrometry-based metabolomics is one prospective analytical approach that can provide comprehensive information on a large number of metabolites, and the technique is applied in many research projects from drug discovery to food quality control [14, 15] .
In this study, we investigated the metabolomic profiles of the newly developed cultivar of turmeric, Ougon, using GC-MS and LC-MS in order to evaluate the value of this new cultivar as a source material for functional food.
The standard Okinawan turmeric and Ougon were compared for their total ion chromatograms (TICs) and mass chromatograms monitored by the deprotonated molecular ions (M-H)of curcuminoids ( Figure 2 ). The content of curcumin (1) (m/z 367.1166) was lower in Ougon (Row 4 in Figure 2B ) compared with the standard Okinawan turmeric (Row 4 in Figure 2A ). The deep yellow color of Ougon should be partly attributable to the lower curcumin content. On the other hand, broad dentilated peaks were observed at 15-22.5 min in Ougon, which were annotated as tetrahydrodemethoxycurcumin (8) (Row 9 in Figure 2B ) and tetrahydrobisdemethoxycurcumin (9) (Row 8 in Figure 2B ) from their mass spectra. The two compounds were undetected in the TIC and mass chromatograms of the standard turmeric (Rows 8 and 9 in Figure 2A ).
It is well known that curcuminoids exhibit broad peaks due to ketoenol tautomerism in HPLC analysis with an acidic eluent [16] . Reduced curcuminoids, such as 8 and 9, also show broader peaks [17] , and such peaks interfere with the accurate detection of metabolites under HPLC separation. Therefore, we re-examined their mass spectra by using the direct infusion method to annotate metabolites in the respective extracts. Figure 3 shows highresolution mass spectral data of the extracts analyzed by the direct infusion method with annotations of detected ions. Annotations are based on the molecular formulae assigned from high-resolution masses. In the extract of Ougon, large amounts of 3 (m/z 307.0959) and 2 (m/z 337.1055) were observed, along with their derivatives such as 6 (m/z 309.1112), 9 (m/z 311.1266), 5A/5B (m/z 339.1238) and 8 (m/z 341.1394). The standard turmeric did not exhibit peaks for reduced curcuminoids (e.g. 8 or 9). The reduced concentration of curcumin (1) in Ougon was also reconfirmed.
Recently, reduced curcuminoids have attracted attention as new ingredients for functional foods because of their stronger antioxidative activities and colorless property [18] . Ingested curcuminoids are known to be reduced by gut microbiota and intestinal or hepatic cytosolic reductase [19, 20] . In addition, Osawa reported biotransformation of curcumin (1) to tetrahydrocurcumin (7) by fermentation with yeast (Debaryomyces hansenii) [21] , and compound 7 induced nuclear localization of FOXO4, a member of the O-type forkhead domain transcription factor (FOXO) family, by inhibiting phosphorylation of protein kinase B (PKB)/Akt. As FOXO is involved in many biological responses caused by aging and oxidative stress, the presence of tetrahydrocurcumin in body fluid might be important for the numerous biological activities of administered turmeric. Kim et al. indicated hepatoprotective effects of fermented turmeric on carbon tetrachloride-induced oxidative stress in rats and fermented turmeric could be a candidate for the prevention of liver diseases caused by oxidative stress [22] . Although they did not identify actual active constituents in fermented turmeric, the contribution of reduced curcuminoids could be considered. Because Ougon contains large amounts of reduced curcuminoids naturally, it could be a promising source of reduced curcuminoids as functional food additives.
In the lower m/z range of the respective samples (Figure 3 ), the amounts of the trivalent ions of phytic acid (m/z 218.9447) and its potassium salts (C 6 observed only in the standard turmeric, and not in Ougon ( Figure  3 ). These results should clearly indicate that Ougon is a 'low phytic acid' variant of turmeric.
A lower phytic acid content is also a beneficial marker for functional foods. Landoni et al. have reported the negative nutritional properties of phytic acid, which prevents the absorption of inorganics such as Fe 2+ , Zn 2+ , and Ca 2+ in monogastric animals by chelating metals into insoluble complexes [23] . Many attempts have been conducted to reduce the amount of this anti-nutrient, and mutant lines of lower phytic acid have been established in mainstream crops such as barley, common beans, peas, rice, soybeans, and wheat [19] . However, these attempts often encounter undesirable outcomes on agronomic characteristics, because the released metal ions may interfere with starch synthesis or embryogenesis. Ougon is the first low phytic acid mutant of a Curcuma species, and is naturally stable. Further investigation into the metabolism of phosphorus in Ougon will provide useful information for the creation of new crop lines with low levels of phytic acid.
Phytic acid plays an important role in accumulating phosphorus and chelating minerals such as K, Na, Fe, and Zn in plants. The depletion of phytic acid may lead to alternation of the concentration of such mineral cations [24] , and we verified the concentration of inorganic substances in Ougon using ICP-Optical Emission Spectrometry. Table 1 shows the concentrations of various inorganic substances in Ougon and in standard Okinawan turmeric cultivated at the same location for the same period. Significant decrease was observed for Al and essential minerals (Fe, Mn) in Ougon, whereas the contents of Zn and housekeeping minerals (K, Ca, Na, Mg) were relatively unchanged. The other metals were detected in trace amounts.
Turmeric is characterized by its relatively high iron content among the dietary spices, but the health benefit and bioavailability of its nonheme iron is controversial [25] . Iron deficiency may be improved by turmeric intake, but the risk of overdosing turmeric as a dietary supplement was also reported to prevent the excess intake of iron to hepatocytes, especially for patients with chronic hepatitis C [26] . Moreover, phytic acid and polyphenols significantly affect bioavailability of metal ions and the overall effect cannot be estimated by the iron content alone. The property of low phytic acid greatly helps the assessment of health functions of turmeric. Thus, Ougon containing low iron and phytic acid serves as an ideal candidate for safer functional foods.
Next, we investigated the volatile components of Ougon. In Table  2 , the relative concentrations of the annotated compounds in the gas chromatograms of AcOEt extracts of Ougon and the standard Okinawan turmeric are shown. It has been reported that the major chemical constituents in the volatile fractions of C. longa are bisabolane-and germacrane-type sesquiterpenes [27] . In the chromatograms of the extracts of Ougon, relatively large amounts of -humulene (11) and -caryophyllene (10) were detected, whereas the contents of germacrane-type sesquiterpenes were quite low.
Recently, several activities of -caryophyllene, such as 5lipoxygenase inhibition and neuroprotection against oxidative damage, have been reported [28] . In addition, Gertsch et al. indicated a selective agonistic property of -caryophyllene to nonpsychoactive cannabinoid receptor type-2 (CB2) and its significant anti-inflammatory activities in mice [29] . These facts might suggest additional benefits of Ougon containing -caryophyllene.
There are two biosynthetic intermediates for sesquiterpenes: transoid-and cisoid-farnesyl cations depending on their major products [30] . Transoid-farnesyl cation produces germacrene A-D (through 10.1-cyclization), -humulene or -caryophyllene (through 11,1-cyclization), whereas cisoid cation results in not only -humulene (through 11,1-cyclization) but -bisabolene and longifolene (through 6,1-cyclization and more). From the relative contents of sesquiterpenes in Ougon and in the standard Okinawan turmeric (Figure 4) , both cisoid-and transoid-farnesyl diphosphates are considered active, probably by a few synthases. The compositional difference presumably results from the promiscuous shift in enzymatic activities of these synthases. Sesquiterpene synthases are known to produce diverse products from acyclic to polycyclic structures by minor changes in their amino acid sequences. Divalent metal ions that they require as cofactors, Mg or Mn, also affect their product variation [32] [33] [34] . The contents of Mn cation in Ougon was more than 15-fold smaller than in the standard turmeric, and this change is considered responsible for the less number of sesquiterpenes in Ougon. Various reports of C. longa from different regions or cultivation also show large variations in sesquiterpenes, and this may be attributable to the alternation of metal ions and phytic acid. Thus, the comparative study of the sesquiterpene biosynthesis in Ougon and in standard turmeric could lead to the production of a cultivar containing many sesquiterpenes.
The chemical properties of the newly-developed Curcuma cultivar, C. longa cv. Okinawa Ougon (Ougon), which has significant morphological features, were investigated using an LC-MS and GC-MS metabolomics approach. Detailed LC-MS analysis revealed that Ougon is a 'low phytic acid' mutant of turmeric. In addition, large amounts of reduced derivatives of curcuminoids were detected.
Recently, reduced curcuminoids have attracted attention as a new resource for functional food ingredients because of their stronger anti-oxidative activities than the original curcuminoids. Ougon is an ideal cultivar in this respect. In addition, analysis of inorganic substances clarified significant decreases in the content of Fe, Mn, and Al in Ougon. This indicates lower toxicity for chronic hepatitis C patients by preventing excess intake of Fe. Furthermore, germacrane-type sesquiterpenes were almost absent, although α-humulene and -caryophyllene are produced through the same biosynthetic route. Alternation of the metal ion contents may have changed the stabilizing conformation of the farnesyl cation intermediates, causing the change in the pattern of sesquiterpene synthesis.
In summary, Ougon is considered a promising candidate for a new functional food additive that can be alternatively used for traditional turmeric. Inductively-Coupled Plasma (ICP)-Optical Emission Spectrometry was carried out using an iCAP6300DUO (Thermo Fisher Scientific Inc., Cambridge, UK), while an MLS-1200MEGA (Milestone General, Bergamo, Italy) was used for microwave acid-digestion of the specimens.
LC-MS sample preparation:
Frozen rhizome from individual plant specimens was homogenized to a fine powder using a multi-beads shocker (Model MB755U, Yasui Kikai Co., Osaka, Japan). A subsample was transferred to a pre-weighed chilled 2 mL Eppendorf tube and weighed to 100 mg. Immediately, to the tube was added 2 mL of chilled (-20°C) solvent (MeOH-CHCl 3 -H 2 O, 2.5:1:1, by vol.), vortexed, and left on ice with occasional shaking for 30 min. After centrifugation (10,000 g, 2 min, 4°C), the supernatant was collected in a 5 mL pre-chilled vial on ice. The remaining pellet was re-extracted with 1 mL of chilled (-20°C) MeOH-CHCl 3 (1:1, v/v) for 30 min. After centrifuging, the supernatants were combined in the 5 mL tube. The organic CHCl 3 phase was separated from the aqueous MeOH-H 2 O phase by adding 0.5 mL of H 2 O. The extracts were stored at -80°C before analysis.
GC-MS sample preparation:
Frozen rhizome from individual plant samples was homogenized to a fine powder using a multi beads shocker (Model MB755U, Yasui Kikai Co., Osaka, Japan). A subsample was transferred to a 10 mL glass tube and weighed to 100 mg. Five mL of ethyl acetate was added to the tube and the sample was extracted under sonication for 30 min. After centrifugation (10,000 g, 2 min, 4 °C), the organic solvent was collected.
Sample preparation for inductively-coupled plasma (ICP)-optical emission spectrometry:
A sample (0.2 g) was placed in a microwave reactor and 5 mL of concentrated HNO 3 was added.
Once the reactor was capped, it was placed in the microwave oven and the following program was used: (1) 1 min at 250 W, (2) 1 min at 0 W, (3) 5 min at 250 W, (4) 5 min at 400 W, and (5) 5 min at 600 W. After cooling, 1 mL of concentrated HNO 3 was added, and then microwave digestion was applied using the timed program described above. An internal standard solution (Y, 5 mg/L, 2.8 mL) was added to the sample solution, and the solution was made up to 14 mL by adding distilled water. The concentrations of 18 inorganic substances (B, Na, Mg, Al, K, Ca, Cr, Mn, Fe, Co, Ni, Cu, Zn, Sr, Cd, Ba, Pb, Bi) were then quantitated.
